Mitochondrial disease confirmation and establishment of a specific molecular diagnosis requires extensive clinical and laboratory evaluation. Dual genome origins of mitochondrial disease, multiorgan system manifestations, and an ever increasing spectrum of recognized phenotypes represent the main diagnostic challenges. To overcome these obstacles, compiling information from a variety of diagnostic laboratory modalities can often provide sufficient evidence to establish an etiology. These include blood and tissue histochemical and analyte measurements, neuroimaging, provocative testing, enzymatic assays of tissue samples and cultured cells, as well as DNA analysis. As interpretation of results from these multifaceted investigations can become quite complex, the Diagnostic Committee of the Mitochondrial Medicine Society developed this review to provide an overview of currently available and emerging methodologies for the diagnosis of primary mitochondrial disease, primarily focusing on disorders characterized by impairment of oxidative phosphorylation. The aim of this work is to facilitate the diagnosis of mitochondrial disease by geneticists, neurologists, and other metabolic specialists who face the challenge of evaluating patients of all ages with suspected mitochondrial disease.
Introduction
Primary mitochondrial respiratory chain disease is a heterogeneous group of disorders characterized by impaired energy metabolism due to presumed genetically-based oxidative phosphorylation (OXPHOS) dysfunction. While the diagnosis is usually suspected on clinical grounds [1] , biochemical and/or molecular evaluations are often necessary to confirm a specific diagnosis. Two diagnostic schemes have been proposed for the confirmation of mitochondrial disease, both of which require extensive laboratory testing to determine whether a given patient is 'definitively' affected with a mitochondrial disease [2, 3] . Molecular genetic confirmation is important, when possible, to solidify the diagnosis, provide guidance on management and prognosis, and permit accurate recurrence risk counseling. Primary mitochondrial disorders may follow patterns of maternal inheritance (i.e., mitochondrial DNA (mtDNA) mutations) or classical Mendelian inheritance (i.e., nuclear DNA (nDNA) mutations). However, the majority of mitochondrial disease in pediatric patients is caused by nDNA mutations [4] , most commonly following an autosomal recessive pattern of inheritance. The challenge lies in determining which one of dozens, if not hundreds, of genes spanning two genomes are causative for mitochondrial dysfunction in a given patient.
No uniform or standardized set of guidelines for the biochemical and molecular evaluation of the suspected mitochondrial disease patient currently exist. Different methods are used by different laboratories worldwide, with basic enzymatic assays critical for the objective evaluation of mitochondrial function not standardized among diagnostic centers [5] . In addition, while fresh tissue is preferable for study, this is often not an option due to geographical constraints [6] . Molecular diagnostic techniques have greater inter-laboratory reproducibility [7] . However, mtDNA analysis presents a particular diagnostic challenge in that false negative results may result from low level heteroplasmy in peripheral blood samples [8] . Various molecular methodologies are under evaluation by different laboratories to overcome these diagnostic challenges.
The aim of this review is to enable the metabolism specialist to successfully navigate through the complicated and rapidly evolving evaluation of the suspected mitochondrial disease patient. First-tier diagnostic testing are beyond the scope of this paper but have been addressed elsewhere [1] . Rather, here is provided an overview of in-depth biochemical and molecular testing options for mitochondrial disease that are either currently available or emerging on the horizon. Algorithms providing a systematic overview of these evaluations are provided in Figure 1 . Continually updated information on diagnostic modalities for mitochondrial disease is available at www.mitosoc.org.
Minimally-Invasive Biochemical Analyte Interpretation Lactate and Pyruvate Analysis
Lactic acid elevation in blood (typically considered > 2.1 mM) or CSF can be an important, albeit non-specific, marker of mitochondrial disease. Mitochondrial disease patients, may however, have normal lactate and pyruvate levels except when undergoing a metabolic crisis or following exercise [9] . Furthermore, many patients with mitochondrial disease consistently have normal or only minimally elevated lactic acid levels, as occurs in mitochondrial polymerase gamma (POLG1)-associated diseases, Leber Hereditary Optic Neuropathy (LHON), Leigh disease, Kearns-Sayre syndrome, and complex I deficiency [10] . Conversely, elevations of plasma lactate and/or pyruvate levels may be seen in a range of conditions other than primary mitochondrial disease, including spurious elevation due to poor collection or handling techniques, physiological elevation as a result of secondary mitochondrial dysfunction which may occur in a wide range of systemic diseases and metabolic disorders, as well as nutritional deficiency of thiamine [11] . It is well known that CSF lactate can be increased in CNS infection, stroke, malignancy, inflammation, and seizures, which limits the value of this laboratory finding in the absence of other objective confirmatory findings [12] .
Spurious elevation of plasma lactate is indeed the most common cause, resulting from either a patient (usually a child) struggling or the prolonged use of a tourniquet during sample collection. A useful strategy to resolve this problem is to collect the sample 30 minutes after placement of an intravenous catheter. Obtaining accurate pyruvate measurements can also be challenging but is necessary to quantify blood lactate/pyruvate ratios, which indirectly reflect the NAD + /NADH cytoplasmic redox state [9] . Pyruvate is quite unstable, necessitating blood specimens be immediately transferred (i.e., within 30 seconds after drawing) into 8% perchlorate on ice and analyzed. Pyruvate levels may increase or decrease depending on sample handling and are elevated in the immediate postprandial period. Blood and/or CSF pyruvate may be elevated in pyruvate metabolism defects such as pyruvate dehydrogenase deficiency, pyruvate carboxylase deficiency, or biotinidase deficiency. Elevated plasma alanine may be a useful indicator of long-standing pyruvate accumulation. Similarly, CSF lactate or pyruvate levels may be elevated without blood elevation in mitochondrial disease patients with predominant brain manifestations [13] . While defects of pyruvate metabolism are geneticallybased mitochondrial diseases that clearly fall high in the differential of primary oxidative phosphorylation dysfunction, excellent discussions of these disorders are available elsewhere [14, 15] .
Amino Acid Analysis
Amino acid analysis is performed using several methodologies, each with its own strengths and weaknesses. The most accurate method uses ion exchange chromatography with postcolumn derivitization using an automated amino acid analyzer. Although this method allows for the most comprehensive amino acid quantifications, it has the longest analysis time. Tandem mass spectrometry (MS/MS) is an increasingly popular method for amino acid analysis due to its relative low cost and high throughput, though it poorly quantifies glycine [16] , cystine, homocystine, lysine, tryptophan, and GABA; most of these are neurotransmitters and/or involved in methylation reactions. Reverse-phase HPLC is another relatively sensitive and high throughput method for amino acid analysis, but also poorly quantifies tryptophan and cystine.
Quantitative amino acid analysis is not utilized as often as it might be to specifically diagnose disorders of mitochondrial metabolism. However, this testing can be a useful adjunct when alanine elevations are present in both plasma and CSF, especially when hyperalaninemia occurs in a fasting specimen (since mild elevations can occur from recent ingestion of a carbohydraterich meal). It is possible to discern relative alanine elevation by comparing it with the essential amino acids lysine (a normal alanine: lysine ratio < 3:1, with values above this indicating true hyperalaninemia) and alanine: phenylalanine + tyrosine (normal ratio < 4:1) [17] . An absolute elevation in alanine above 450 uM is a factor utilized to determine the likelihood of mitochondrial disease in the Nijmegen diagnostic protocol [3] . Urine amino acid analysis is typically performed when low serum bicarbonate is present. Generalized aminoaciduria along with renal tubular acidosis and glycosuria comprises renal Fanconi syndrome, which can be seen in mitochondrial disease, particularly those involving mtDNA deletions [18, 19] .
Similar to other biochemical markers of mitochondrial dysfunction, the sensitivity of an elevated alanine for mitochondrial disease is low, as it may only be elevated at certain times as during a physiologic stress or regression. Thus, normal alanine levels do not exclude the diagnosis of mitochondrial disease. The strength of incorporating alanine measurement in the evaluation of OXPHOS disease is the relative resistance of amino acid quantitation to artifact from improper specimen collection. Other amino acids whose elevations have been associated with mitochondrial dysfunction include proline, glycine, and sarcosine [17] . It is becoming increasingly recognized that some mitochondrial disease patients with severe infantile-onset liver disease due to one of the mtDNA depletion syndromes have elevated tyrosine on newborn screening studies, but without a rise in succinylacetone as would be diagnostic of type 1 Tyrosinemia.
Amino acid quantification can be performed on blood (plasma or serum), urine, and CSF, although testing of urine is typically only helpful in diagnosing a mitochondrial diseaseassociated tubulopathy. Blood specimens are collected in a heparin or EDTA tube with plasma separated promptly. All specimens need to be refrigerated. Quantitative methods are of higher diagnostic yield and more clinically meaningful than is qualitative analysis. Test results may indeed be affected by a variety of conditions, including improper specimen handling, hemolysis, and dietary intake. Improperly stored specimens cause artifactual elevations in glutamate (especially in relation to glutamine), aspartate, and ornithine, with decreases of glutamine, cystine, asparagine, and homocystine. Hemolysis causes artificially low arginine and elevated aspartate, glutamate, ornithine, phosphoserine, and taurine. Post-prandial specimens commonly result in generalized aminoacidemia including elevations in the branched chain amino acids (valine, isoleucine, and leucine) and alanine; a fasting specimen can avoid this pitfall.
Organic Acid Analysis
Organic acids are byproducts of protein, carbohydrate, and fat catabolism. Organic acid analysis can be performed in one of two ways. Qualitative analysis will identify inborn errors of metabolism with large excretions of diagnostic organic acids, while quantitative analysis permits identification of more subtle abnormalities and comparison between time points. Analysis is often performed by column gas chromatography followed by mass spectrometry, with quantification provided by ion ratio analysis or stable isotope dilution analysis. While the latter method is most accurate, it is not practical for routine screening and is only utilized to quantify specific organic acids (e.g. mevalonate quantitation for the diagnosis of mild mevalonic kinase deficiency or hyper IgD syndrome). Methods of organic acid quantification more suited for screening purposes include the mass spectrometry extracted ion ratio method and semi-quantitative analysis utilizing gas chromatography flame ionization detection with mass spectrometry for peak identification [20] .
Urine is the preferred specimen for organic acid screening owing to the ready excretion and greater extraction efficiency in urine compared to plasma. Limitations to urine organic acid analysis are the artificially lower accuracy in very dilute urine specimens, and rarely, interfering peaks caused by drugs. Certain analytes with greater volatility such as propionic acid may be missed due to loss during sample preparation or elution with the solvent peak. Organic acid analysis can also be performed on CSF and plasma in select clinical scenarios. Plasma organic acid analysis rarely provides diagnostic information that would be missed by urine analysis, but may be of use for simultaneous quantification of lactate and ketone bodies in plasma and urine. Similarly, CSF organic acid analysis has utility in select clinical scenarios, such as in disorders of GABA metabolism.
Urine organic acid analysis is routinely obtained in infants with sudden-onset encephalopathy in an effort to identify amino and organic acidopathies, as well as certain fatty acid oxidation disorders. Urine organic analysis during a period of clinical stability may have a low sensitivity for detecting mitochondrial disease, as abnormalities are often only present when a patient is acutely symptomatic. Surprisingly, lactic acid elevation on urine organic acid analysis is not a good discriminator for mitochondrial cytopathies [6] . Increased excretion of tricarboxylic acid (TCA) cycle intermediates, ethylmalonic acid, and 3-methyl glutaconic acid commonly occur in mitochondrial disease, but are rarely diagnostic of a specific mitochondrial disorder [21] [22] [23] . Of note, renal immaturity is a common cause of TCA cycle intermediates elevation in the urine. Thus, abnormal urine organic acid results in infants less than 1 year of age should be interpreted with caution to assure reported normal values are age-specific. Another common finding on urine organic acid analysis in individuals with mitochondrial disease is dicarboxylic aciduria, arising as a result of microsomal fatty acid metabolism. This is caused by impairment of mitochondrial fatty acid β-oxidation due to primary deficiency or secondary inhibition. However, dicarboxylic aciduria may also result from dietary artifact (i.e., medium chain triglycerides), drugs, and prolonged fasting. Low muscle mass (caused by starvation or a variety of primary and secondary muscle disorders) and creatine synthesis defects can result in apparent false elevations of organic acids as the results are normalized to the concentration of creatinine in the urine.
Carnitine Analysis
Carnitine serves as a mitochondrial shuttle for free fatty acids and a key acceptor of potentially toxic coenzyme A (CoA) esters. It permits restoration of intramitochondrial CoA and removal from the mitochondrion of esterified intermediates by enabling their urinary excretion. Quantification of blood total and free carnitine levels, along with acyl-carnitine profiling permits identification of fatty acid oxidation defects, as well as some primary aminoacidemias and organic acidemias. In addition, this analysis enables identification of secondary fatty acid oxidation defects and carnitine deficiency which may occur in primary OXPHOS disorders.
Quantitative acyl-carnitine analysis is performed by either tandem mass spectrometry (MS/ MS) or HPLC followed by electrospray ionization (ESI)-MS/MS. Traditional MS/MS uses a butyryl group for derivitization, which leads to loss of one-third of the acetyl-carnitine species. It may also result in either over-or under-quantification of certain acyl-species (e.g., valproyl and octanoyl carnitine) due to their sharing the same mass [24] . Plasma is obtained for analysis from specimens collected in an EDTA or heparin tube and frozen until time of analysis. A filter paper blood spot can be utilized, but different normal ranges must be used since long-chain acyl-carnitine species are present in higher proportions in cellular elements included on the spot. Urine acyl-carnitine profiles are often difficult to interpret because various acyl-forms are produced by the kidney and very long chain acyl-carnitines are not routinely excreted.
Once quantified, both the absolute values of the acyl-carnitine species and the ratios of certain acyl-carnitine esters may be useful in supporting a specific diagnosis. The test is limited by false negatives in individuals with total carnitine deficiency and elevations in carnitine treated patients, as well as in cases where the biochemical abnormality is of mild or fluctuating severity. See Figure 1a for an overview of findings present on minimally-invasive analyte screening in mitochondrial disease.
MRS-based Central Nervous System Biochemical Analysis
Nuclear magnetic resonance imaging (MRI) is an important modality in the evaluation of anatomical structures in neurometabolic disorders. Unfortunately, mitochondrial disease represents a class of disease in which MRI findings, if present, are non-specific or change over time, greatly lowering its diagnostic sensitivity [25] [26] [27] . However, a new neuroimaging technique, proton magnetic resonance spectroscopy (MRS) has evolved from which important metabolic information can be derived utilizing the same acquisition parameters needed for MRI. MRS detects the ability of small molecules to emit radio waves based on the nuclear spin of protons, neutrons, and atomic nuclei. Proton ( 1 H) MRS is the most commonly used spectroscopy technique for neurometabolic evaluations.
Several compounds involved in mitochondrial physiology are detectable by MRS based upon variations in their chemical properties within electrical fields, thus making MRS a useful adjunct in the evaluation of suspected mitochondrial disease [26, [28] [29] [30] . Detectable metabolic compounds each emit a unique resonance frequency called chemical shift, which is expressed in parts per million (ppm) and is derived from Larmor frequency and coupling. The chemical shift peaks most commonly studied are lactate (1.33 ppm), N-acetyl-L-aspartate (2.02 ppm), succinate (2.39/2.40 ppm), total creatine (3.03 ppm), choline (3.22 ppm), and myo-inositol (3.55 pm). Peak area is proportional to the number of spins that produce the signal and is a very rough estimate of metabolite concentration.
MRS interpretation based simply upon visual peak inspection is not a reliable method, as molecules may share similar chemical shifts or have altered magnetic behavior at various time to echo (TE) measurements. The use of varying TE times may allow certain peaks to become more evident, depending on the magnet strength (1.5 Tesla versus 3.0 Tesla MRI machines). When 1.5 Tesla MRI machines are used, the lipid resonance at 1.0 -1.7 ppm may mask the lactate peak resonance at 1.33 ppm at short TE times (i.e., 35 milliseconds). However, when combined with intermediate TE times (i.e., 135 milliseconds), the lactate peak inverts to become distinct. Due to a narrower bandwidth, the inversion of lactate at 135 TE is not as distinct when using 3.0 Tesla machines; therefore, a longer TE time (i.e., 288 milliseconds) may be required to reduce the contaminating lipid material and define lactate. Currently, most clinical spectroscopy centers report peak area ratios because the MRS signals they acquire are not calibrated (Figures 2 and 3) . Ideally, each machine should be calibrated prior to clinical use with pure compounds of known concentrations to standardize each metabolite measurement both within a particular machine and between different machines. In addition, precise computer models to determine area under the peak should be utilized to properly interpret pure metabolite concentrations and remove possible artifactual contaminants. Until such precision becomes routine in signal interpretation and reporting, comparisons will not be fully reliable between different spectroscopy centers and the full utility of MRS will not be achieved. Lactate is not detected above the lipid background in normal infants, children, and adults. When metabolism shifts to anaerobic glycolysis in mitochondrial respiratory chain deficiencies, however, lactate levels become increased in brain tissue (Figure 2 and 3 ). Barkovich et al detected lactate (Lac) peaks in 5 of 5 patients diagnosed with either Leigh syndrome or mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes (MELAS) [26] . In additional studies by 2 differerent groups, Lac peaks were seen in all 13 patients with MELAS who were studied [31, 32] , as well as in 18 of 21 patients with a variety of respiratory chain deficiencies [33] . However, just as blood lactate levels have only a moderate sensitivity for mitochondrial disease, brain Lac peaks on MRS are also not highly sensitive. Two studies showed the sensitivity of Lac peaks in mitochondrial disease to be 18 % to 27% [34, 35] . Lac peaks vary depending on whether a patient is undergoing an exacerbation of their disease [30] , as well as whether their lesions are acute, subacute, or chronic [28] . Detection of Lac signal may also depend on its concentration, as the threshold of detection by MRS is 0.5 mM to 1 mM [34, 35] . Absence of a Lac peak similarly does not ruleout mitochondrial disease, as the specific tissues involved in mitochondrial disease vary, as does the location of brain involvement. MRS specificity for mitochondrial disease is further limited by the possibility of other conditions giving rise to Lac peaks [35] . However, in the scenario of clinical and biochemical suspicion for mitochondrial disease, identification of a Lac peak would add weight to its possibility and potentially provide evidence to substantiate a more invasive diagnostic evaluation.
N-acetyl-L-aspartate (NAA) predominately localizes to neurons, axons, and dendrites [36] . MRS measurements of NAA appear to be one of the best surrogate biomarkers for neuronal integrity. NAA is synthesized within the mitochondria in an energy dependent fashion and may represent a functional mitochondrial marker within neuronal populations. A decrease in NAA levels when normalized to creatine may reflect mitochondrial disease [37] . The ratio of each metabolite to creatine is used as a standard reporting value due to fairly uniform CNS creatine levels in most individuals. In 15 patients with mitochondrial disease syndromes, NAA/Cr ratio reductions were seen in cerebellum in 93% and in cortical gray matter regions in 87%, even at times when these areas appeared normal on MRI [29] . Furthermore, a strict regional expression of NAA was seen, with no decrease in the NAA/Cr signal in white matter. Yet, in another series of 16 patients with definitive mitochondrial disease consisting of either known syndromes or respiratory chain deficiencies, a decreased NAA/Cr ratio was seen in 11 patients (69%) in both gray and white matter regions [30] . Interestingly, the NAA/Cr ratio signal changes were only found in those patients with detectable Lac peaks. In some studies, the apparent decrease in the NAA/Cr signal was reversible [38, 39] . As with elevated Lac, decreased NAA is not specific for mitochondrial, or even metabolic disease because other disorders may also present with NAA signal alterations [35, 40] . However, additional clinical and biochemical evaluation may often segregate these disorders from primary mitochondrial disease.
The choline (Cho) signal on MRS is comprised of a group of components including free choline, phosphorylcholine, and phosphatidylcholine which constitute brain myelin and allow fluidity of cell membranes [41, 42] . However, the complete metabolite profile contributing to the Cho signal is not certain [43] . Cho elevation reflects membrane turnover and demyelination. Cho signal changes have not been well reported in patients with mitochondrial disease. Whether this represents no change or a heterogeneous change that has not been appreciated due to small sample sizes is unclear. One study did demonstrate reductions in the Cho/Cr ratio in 40% of patients with reduced NAA/Cr and in 53% of patients with reduced NAA/Cr ratio and elevated Lac [30] .
Succinate is a tricarboxylic acid cycle component present in brain at low concentrations, on the order of 0.5 mmol/kg wet weight [44] . In proton MRS, the resonance of succinate overlaps with those of glutamate and glutamine [43] . Under normal conditions, the succinate peak is not visible on MRS [45] . Deficient respiratory chain activity produces significant increases in succinate concentration to permit its detection by MRS. In 3 patients with complex II deficiency, a very large succinate signal along with reduced NAA/Cr and increased Lac signals were observed within white matter, while only a decrease in NAA/Cr ratio was seen within cortical gray matter [45] . This highlights the importance of utilizing multivoxel acquisition, or at least using single voxels over both gray and white matter in the MRS evaluation of respiratory chain disease. This study also raises the possibility that an enlarged 2.4 ppm succinate peak may be specific for complex II disease.
Proton MRS represents a useful tool for the non-invasive investigation of neurometabolic disorders, in particular mitochondrial disease. Additional information is obtained over conventional MRI, as metabolic changes can be visualized even in areas of brain that appear structurally normal. Conventional MRI acquisition is used and can be added to routine MRI studies when MRS is requested in advance [46] . Similar to other modalities of investigation for mitochondrial disease, the disease acuity, specific disease type, involvement of specific brain regions, and timing of testing influence the utility of recovered data. In the correct context, MRS can greatly increase the sensitivity of the diagnostic evaluation for mitochondrial disease.
Provocative Clinical Testing
Carbohydrate loading with glucose or fructose followed by serial measurements of plasma lactate, pyruvate, and alanine can unmask mitochondrial disease. Fasting studies carry greater risk but can reveal a tendency toward hypoglycemia or secondary fatty acid oxidation defects. Both of these diagnostic approaches can be used to assist in the selection of a diet that will minimize lactic or pyruvic acidosis. In addition, they can help to confirm the safety in a given patient of standard interventions, such as high fat or ketogenic diets [47] .
Exercise testing is increasingly employed as a clinical diagnostic test for mitochondrial myopathy [48] . Bicycle and treadmill ergometry may demonstrate decreased exercise tolerance, excessive lactate production, and slow clearance of accumulated plasma lactate. In addition, performing forearm exercise testing coupled with venous oxygen saturation measurements in a patient with mitochondrial disease will reveal "arterialized" venous blood. This occurs because mitochondrial dysfunction in skeletal muscle results in its inability to extract oxygen from blood [49, 50] .
Invasive Tissue Investigations
The first decision to be made when invasive procedures are deemed necessary is the selection of which tissue to investigate for evidence of mitochondrial dysfunction. The best choice is the tissue most profoundly affected by the disease process in a given patient [51] . Although skin biopsy seems preferable to muscle biopsy due to its relatively lower invasiveness, it is common for many children who have an OXPHOS defect detectable in skeletal muscle to have normal respiratory chain enzyme activities in cultured skin fibroblasts [52] . Skeletal muscle is commonly affected in primary mitochondrial disease. While this has made skeletal muscle the most widely used tissue for OXPHOS enzyme studies, it also has limitations. Many patients have been reported with detectable enzyme defects in liver [53] or cardiac muscle [54] but normal skeletal muscle activities. In general, whatever the affected organ, it is important to perform a skin biopsy at the time of tissue biopsy to obtain cultured fibroblasts for possible later study. The following discussion largely focuses on the multifaceted investigation of skeletal muscle, with subsequent brief overview of the utility of cardiac and liver analyses.
Skeletal Muscle Analysis
Muscle biopsy allows for pathological, molecular and biochemical study. Portions of the biopsy are utilized for histochemical, immunohistochemical, and even ultrastructural study to evaluate for morphologic evidence of primary OXPHOS disease, evidence of other conditions in the differential diagnosis, or pathological changes in the muscle that could produce secondary abnormalities in muscle biochemistry. Muscle tissue is also used for respiratory chain enzyme activity analysis and high resolution respirometry studies of integrated OXPHOS capacity, for mitochondrial isolation for biochemical testing including analysis of enzyme activities and integrated OXPHOS capacity, and for the extraction of DNA for genetic testing.
Morphologic Analysis of Skeletal Muscle-The presence of mitochondrial proliferation within myofibers is highly suggestive of a mitochondrial OXPHOS disorder. Traditionally, this has been demonstrated as ragged-red fibers (RRF) seen on modified Gomori trichrome staining as red granular deposits of mitochondria in the subsarcolemmal space in the background of a varying degree of muscle fiber atrophy. Despite the importance of this finding in mitochondrial disease, ragged red fibers may occur in many other primary muscle disorders. Other useful histochemical stains for analysis of mitochondrial enzyme activity are NADH dehydrogenase, succinate dehydrogenase (SDH), and cytochrome c oxidase (COX) [55, 56] . SDH staining evaluates complex II, which is a respiratory chain component encoded entirely by nuclear genes, and may also identify subsarcolemmal mitochondrial accumulation. In comparison, the COX reaction evaluates complex IV, which is a respiratory chain component encoded by both mitochondrial and nuclear genomes. With sequential application of these two reactions to a single muscle section, abnormal COX-deficient fibers will appear blue among normal COX activity fibers which appear brown. This approach facilitates the detection of abnormal fibers which might otherwise go undetected in a background of normal COX activity [57] .
RRF are rarely seen in childhood, as it seems to take time for mitochondrial accumulation and muscle fiber deterioration to reach this stage. Subsarcolemmal accumulations of mitochondria, representing a milder manifestation of mitochondrial proliferation, are more common than RRF in pediatric patients. Although a valuable finding when present, mitochondrial proliferation was absent in 35% of 113 pediatric patients with proven mitochondrial dysfunction [58] . Especially in children, COX-deficient fibers sometimes outnumber RRF and may be the only abnormal finding in the muscle biopsy [59] . Neither the presence of RRF or focal loss of COX activity is disease-specific. Rather, they may appear in skeletal muscle as an age-related phenomenon as well as a secondary phenomenon infrequently seen in other disorders such as muscular dystrophies, myotonic dystrophy, inflammatory myopathies, glycogenoses, and congenital myopathies [59] . Other pathological features which may be seen in skeletal muscle in OXPHOS disorders are more non-specific, including neurogenic atrophy, internal nuclei, abnormal variation in fiber size, and accumulations of glycogen or lipid [60, 61] . Staining for glycogen and lipid remain important to evaluate for primary glycogen or lipid storage disorders. Rhabdomyolysis and dystrophic changes are rare in mitochondrial OXPHOS disorders.
The presence of RRF having strong subsarcolemmal SDH activity and low COX activity is typical of disorders due to mtDNA deletions (i.e., Kearns-Sayre Syndrome or progressive external ophthalmoplegia (PEO)) or tRNA mutations (i.e., myoclonic epilepsy and ragged red fibers (MERRF)) which impair mitochondrial protein synthesis [58] . COX deficiency occurs when wildtype mtDNA levels fall below the threshold necessary for COX protein subunit expression. None or only a few COX-deficient fibers may be present despite high percentages of an mtDNA mutation if there is an even distribution of mutant and wild-type mtDNA throughout the fiber. An example of this is classic MELAS due to an A3243G tRNA Leu gene mutation in which RRF are often COX-positive. An increase in vascular smooth muscle SDH activity frequently is also seen in MELAS [62] .
A mosaic and segmental pattern of COX activity is highly indicative of a heteroplasmic mtDNA disorder. In contrast, a global decrease in the activity of COX throughout the length of the muscle fibers is usually suggestive of a mutation in a nuclear gene encoding one of the proteins required for COX assembly and function, such as SURF1. However, a similar pattern could be observed in some patients presenting with homoplasmic tRNA mutations. If COX activity is diffusely decreased but spares muscle spindles and vascular smooth muscle, diagnostic considerations should include both the fatal and benign forms of infantile COX-deficient myopathy [63] . Mutations in the mtDNA protein-encoding genes are occasionally associated with RRF but have COX-positive fibers (unless the COX genes themselves are the site of mutation). This is the case for disorders associated with mutations in cytochrome b, COX I-III, and some mutations in complex I (ND1-6, ND4L) genes. In contrast, mutations associated with NARP/MILS (T8993G/C mutation in the ATPase 6 mtDNA gene) and ND mutations associated with LHON do not usually reveal any specific changes on muscle biopsy.
Mitochondrial myopathy is uncommon in OXPHOS disorders due to nDNA mutations and is usually not seen in association with mutations in nuclear-encoded complex I and II subunits, which are often but not exclusively associated with Leigh syndrome. Exceptions are some patients with adPEO, mtDNA depletion disorders, and myopathic forms of CoQ10 deficiency, as well as early biopsies from children with the benign form of infantile COX-deficient myopathy [64] .
Electron microscopy study of ultrastructural changes in muscle has been questioned by some authors regarding its value in the diagnostic evaluation of mitochondrial myopathies [58] .
Although characteristic ultrastructural abnormalities such as increased mitochondrial number and size, distorted or absent cristae, and osmophilic or paracrystalline inclusions are welldocumented in patients with mitochondrial disorders [65] , these changes are non-specific and may be seen in other myopathic and neuropathic diseases [60] . However, electron microscopy can identify structurally abnormal mitochondria when histochemistry is unhelpful. Ultrastructural changes of mitochondria have been described in muscle biopsies of patients who have no RRF or COX deficient fibers [60] .
Biochemical Analysis of Skeletal Muscle-Only a small proportion of children investigated for a suspected mitochondrial disorder have classical syndromic presentations (i.e., Kearns-Sayre syndrome, Pearson syndrome, Leigh syndrome, MELAS, MERRF, or LHON). Furthermore, a pediatric patient's clinical picture is rarely specific for a single genetic defect and muscle histology is most frequently normal or shows only non-specific changes [51] . It is estimated that over 1,000 genes are involved in the proper functioning of the mitochondrion, many of which have not yet been characterized in humans [66] . All of this taken together generally makes biochemical study of tissue a prerequisite to direct further molecular genetic investigations in pediatric mitochondrial disease.
Biochemical investigations commonly include spectrophotometric assays of enzyme activity as well as functional studies of intact mitochondria, each providing useful and complementary clues to the diagnosis of an OXPHOS disorder [67] . The measurement of enzyme activities by spectrophotometric methods can be performed in isolated mitochondria from tissues or cultured cells, in tissue homogenate, or in whole cells. Spectrophotometric data gives valuable information about maximal enzyme activities of the catalytic component of the various respiratory complexes following either detergent-or freeze-thaw disruption of the inner mitochondrial membrane and are generally quite easy to reproduce and interpret within a given laboratory [68, 69] . Unfortunately, no universally agreed standardization exists for these assays or assay conditions, and inter-laboratory variability in test results is common. Indeed, a recent sample exchange program among European laboratories found wide variation in assay results on the same samples [5] . Another important limitation is that activities are determined under in vitro conditions, which do not correspond to the physiological, cytosolic environment of mitochondria.
Spectrophotometric-based activities of the different electron transport chain (ETC) enzyme complexes can be studied in isolation as complex I (NADH-ubiquinone oxidoreductase), complex II (succinate-ubiquinone oxidoreductase), complex III (decylubiquinone-cytochrome c reductase) or complex IV (cytochrome c oxidase), or they can be studied together as complex I+III (NADH-cytochrome c reductase) or complex II+III (succinate-cytochrome c reductase). While not often pursued routinely, direct assays of ATP synthase (complex V) hydrolytic activity are available by spectrophotometric analysis [22] . To help distinguish primary electron transport chain defects from secondary deficiencies, activity measurements are reported relative to a marker enzyme, such as citrate synthase, or as internal ratios rather than relative to protein concentration [52, 69, 70] . These analyses may yield a wide range of results in patients with mitochondrial OXPHOS disorders, with some patient samples showing normal ETC enzyme activities. This apparent paradox may result from the fact that assays use artificial substrates in disrupted mitochondrial preparations, as compared to intact cellular mitochondrial respiration that takes place in a stereochemical environment of multi-enzyme complexes and supercomplexes. In addition, high biological variability of these assays can make clear identification of a single deficiency difficult. However, isolated defects involving one complex may suggest a mutation of either an mtDNA-encoded or nDNA encoded subunit or assembly factor of that particular complex (i.e., SURF1 mutation in COX deficiency). Partial enzyme deficiencies involving complex I, III and IV are typical of patients with a generalized translation defect due to either mtDNA deletions or tRNA mutations [71, 72] . Multiple enzyme defects are also seen in mitochondrial polymerase defects. Exceptions exist, as complex I activity may be preferentially decreased in muscle from patients with MELAS and COX activity may be preferentially decreased in patients with MERRF, MELAS and in mitochondrial polymerase deficiency. The combined measurements of I+III and II+III provide useful information in the diagnosis of the potentially treatable coenzyme Q 10 deficiency disorders or disorders that affect CoQ 10 binding/electron exchange, which can subsequently be confirmed with coenzyme Q 10 quantification in muscle [73, 74] .
Polarographic studies measure oxygen consumption by isolated muscle mitochondria using a Clark electrode in the presence of various substrates (e.g., malate+pyruvate or malate +glutamate to donate NADH, succinate to donate FADH 2 , or TMPD+ascorbate to donate electrons directly to cytochrome C) [61, 70] . In patients with complex I deficiency, impaired respiration with NADH-producing substrates is seen while oxidation rates in the presence of the other substrates are normal. Patients with complex II deficiency show reduced oxygen consumption only with FADH 2 producing substrates. Low respiratory rates with both NADHand FADH 2 -producing substrates but normal oxidation of durohydroquinone and TMPD +ascorbate suggest a deficiency of coenzyme Q 10 , whereas low respiratory rates with both NADH-and FADH 2 -producing substrates with low oxidation of durohydroquinone suggests a deficiency of complex III. Diminished oxidation rates in the presence of all substrates tested is suggestive of a complex IV deficiency. In addition, polarographic studies may indicate a possible pyruvate dehydrogenase complex (PDHC) deficiency by finding a reduced oxidation of pyruvate in the presence of normal oxidation of glutamate [75] .
Another means of measuring respiratory chain function is to use radioactively labeled substrates (e.g., [1-14 C]pyruvate, [U- 14 C]malate and [1,4-14 C]succinate) in the absence or presence of various inhibitors to measure production of 14 CO 2 and ATP in relation to citrate synthase activity as a marker of mitochondrial content. Various ratios can be determined in order to pinpoint the deficiency to a single respiratory chain complex. In experienced laboratories, this is an excellent and very exact approach [76] .
In order to measure muscle mitochondria in their physiologic environment and to minimize sample sizes, a method using permeabilized muscle fibers has been developed. Single muscle fibres are permeabilised with saponin and placed in a high-resolution polarographic chamber where various substrates (as above) can be added to quantify oxygen consumption rates. Fifty mg of muscle is sufficient for multiple assays with up to 7 different substrates. Originally, the results were expressed normalized to wet weight of the muscle fibers, although some investigators have found this approach is not as sensitive as oxidation of radioactively labeled substrates in the diagnosis of respiratory chain deficiency (Wolf NI, unpublished results). Whether these results can be improved in comparison to one of the established techniques by using citrate synthase as a reference enzyme, has yet to be demonstrated [77] .
While fresh muscle tissue is widely regarded as preferable for biochemical analyses, due to many factors including geographical constraint, frozen muscle must frequently suffice. A fresh muscle biopsy has the advantage that integrated functional studies of isolated mitochondria can be performed by various methods, such as by measuring oxygen consumption with polarography, substrate oxidation, or ATP production rates. In addition, high resolution respirometry of permeabilized muscle fibers offers the opportunity to use polarography to study fresh, intact muscle biopsy specimens obtained by needle biopsy of muscle or liver that weigh as little as 2 milligrams [78, 79] . All of these functional studies permit the ability to assess integrated activities of all complexes in the OXPHOS system in either intact permeabilized cells [78] or in isolated mitochondria under conditions which are much closer to the in vivo situation than are isolated ETC enzyme assays [80, 81] . This type of measurement may also identify mitochondrial defects that are not detectable with enzymatic analysis of the ETC on frozen samples [82, 83] . Polarographic assay permits identification of coenzyme Q 10 synthetic defects when low oxygen utilization of both NADH and FADH-producing substrates is seen [84, 85] . Functional studies may also detect abnormalities in PDHC deficiency, tricarboxylic acid cycle enzymes, beta-oxidation, coenzymes, complex V, and transmembrane carriers [51] . Indeed, deficiency of two different mitochondrial membrane transporters involving the carriers for pyruvate and phosphate were demonstrated using functional measurements in fresh muscle [86, 87] . In a recent study, 30% of patients with abnormal functional studies on fresh mitochondria had normal single enzyme activities; these would have been missed had only frozen muscle had been studied [76] .
Coenzyme Q 10 Quantification-Coenzyme Q 10 serves multiple intracellular redox functions, with an important role in mitochondrial electron transport as a mobile electron carrier to shuttle electrons to complex III from I, II, electron transfer factor (ETF), or other electron donors. It also has proxidant functions [88] , as well as the ability to recycle other antioxidants including tocopherol and ascorbate. Primary coenzyme Q 10 deficiency, which results from deficiencies in enzymes needed for its synthesis, has four currently recognized phenotypes: i) an encephalomyopathy with exercise intolerance, myopathy, myoglobinuria, seizures, and ataxia, ii) severe infantile encephalopathy with renal tubulopathy, iii) myopathic form with exercise intolerance, myopathy, and rhabdomyolysis, and iv) encephalopathy with ataxia, seizures, and basal ganglia disease [89, 90] . While primary deficiencies of this critical cofactor results in these serious disorders, primary coenzyme Q 10 deficiency is rare. In addition to clinical findings, establishing this diagnosis requires detection of impaired coenzyme Q 10 -dependent respiratory chain activity and a tissue-specific reduction of coenzyme Q 10 levels. Plasma levels of coenzyme Q 10 are usually normal in primary muscle coenzyme Q 10 deficiency. Secondary coenzyme Q 10 deficiency in muscle was first reported along with a treatment response in 1986 in Kearns-Sayre syndrome [91] . Since then evidence has accumulated in several studies that a subset of mitochondrial disease patients have muscle coenzyme Q 10 deficiency [92] .
The concentration of coenzyme Q 10 varies greatly in tissues, with heart muscle having the highest content at 114 ug/gram [93] . Analysis of coenzyme Q 10 in human plasma has been available in commercial laboratories for over a decade. Plasma control ranges vary between laboratories [94] . Because coenzyme Q 10 is primarily lipoprotein bound, the free coenzyme Q 10 is related to the concentration of cholesterol, with normative values established as a function of age [95] . Skeletal muscle coenzyme Q 10 concentrations in healthy children have been reported over a two-fold range [96] . Leukocytes (and/or lymphocytes) and platelets are other tissues in which coenzyme Q 10 can be measured, and may more accurately reflect, compared with plasma levels, the true tissue concentration of coenzyme Q 10 . A good correlation between mononuclear white blood cells and muscle coenzyme Q 10 levels was demonstrated in one study performed on 12 control samples and one deficient patient [94] .
Cardiac Muscle Analysis
A variety of defects in mitochondrial oxidative phosphorylation have been described in both hypertrophic and dilated cardiomyopathy [97, 98] . In some cases, dilated cardiomyopathy merely reflects a final common pathway of pump failure arising from many different causes, including hypertrophic cardiomyopathies. Chamber dilation, with its resultant increase in wall tension, represents a final common physiological response to balance cardiac output and blood pressure through equilibrium of Laplace (pressure-volume) and Frank-Starling (wall tensionforce) principles. Most patients have multisystemic dysfunction with isolated cardiomyopathy rarely described [70, 99] . What has been difficult to prove is in which patients, was mitochondrial dysfunction primary or secondary to a failing heart [100, 101] . Several studies have demonstrated mitochondrial dysfunction in both cardiac aging and cardiac disease [102, 103] . Therefore, cardiac muscle biopsy may reveal respiratory chain defects that are secondary to primary mechanical or coronary vascular insufficiency. Only by including the evaluation of skeletal muscle or other affected tissues for respiratory chain defects can primary and secondary OXPHOS defects be resolved [98] . In a severely ill neonate, infant or young child, direct gene testing may be helpful when conditions preclude biopsy as mutations in SCO2, COX-10, and COX-15 can give rise to cardiac hypertrophy. Animal studies suggest that both structural and respiratory chain differences may be related to intermyofibillar and subsarcolemmal location of heart mitochondria [102, 104] . Increased yield for respiratory chain defects would therefore, include isolation of intermyofibillar and subsarcolemmal mitochondria for assay. Given the high rate of mitochondrial dysfunction in cardiac disease, isolated abnormalities derived solely from heart tissue should be viewed with caution.
Liver Analysis
When liver dysfunction is clinically evident and a diagnosis of hepatic or hepatocerebral mitochondrial disease is considered, the least invasive initial assessment is blood DNA testing for POLG, dGUOK, or MPV17 mutations. Although less common, SCO1 and SUCLA2 may also be considered if ketoacidosis (SCO1) or myopathy (SCO1 and SUCLA2) is also present (Table 1) . A liver biopsy is indicated either when the diagnosis cannot be established with these initial DNA studies or when the severity of clinical liver disease demands simultaneous biopsy and DNA studies. DNA studies may take up to two months for results, whereas biopsy can produce histological results in a few days. Needle biopsy typically yields sufficient tissue for histology, electron microscopy, and miniaturized respiratory chain polarography and biochemistry.
A wide range of abnormal liver histologies can be produced by mitochondrial disease [105, 106] . Isolated COX deficiency in respiratory chain biochemical testing can be seen in disease caused by any of the 5 nuclear genes listed above. Multiple ETC deficiencies can be seen with mtDNA depletion associated with POLG, dGUOK, MPV17, or SUCLA2 mutations. Quantitative Southern analysis or real-time quantitative PCR to detect mtDNA depletion should be a routine part of liver biopsy testing. However, a word of caution is warranted. Similar to the case for interpretation of blood lactate, it is helpful to know when mtDNA is depleted, but a normal result provides no information either for or against mitochondrial disease. For example, it is common to have normal mtDNA content on biopsies obtained early in the course of POLG disease, as in Alpers syndrome presentations, while repeat testing on biopsies obtained later in the natural history of the disease will show depletion [107] .
Fibroblast Analysis
A skin biopsy is frequently useful in the diagnostic evaluation of metabolic disease. This simple office procedure can be done with local anesthesia (either topical local anesthetic cream or intradermal injection of a local anesthetic) using a disposable 3 or 4 mm punch biopsy, without the need for stitches. This contrasts sharply with a muscle biopsy, which is an invasive procedure that requires sedation, if not general anesthesia. Fibroblasts have a long tract record of utility in the study of mitochondrial disease biochemistry [108] . Added benefits of cultured skin fibroblasts are that they can be stored indefinitely, used as a renewable source of DNA, and recultured for testing as new tests become available [109, 110] . The major disadvantage is that not all mitochondrial phenotypes are expressed in skin fibroblasts [6, 109] . Unfortunately, fibroblasts are not as useful as muscle as a tissue in which to identify mitochondrial disease since respiratory chain defects expressed in muscle tissue may not be expressed in fibroblasts. This is due in part to altered heteroplasmy and a high tissue regeneration rate of fibroblasts when compared with muscle cells [109] . It is important to culture fibroblasts in the presence of uridine and pyruvate to avoid the potential loss of mtDNA mutant-harboring cells [111] . Residual ETC enzyme activity in fibroblasts is often substantial -even in genetically proven cases of mitochondrial disease [6] . With the additional concern of inter-and intra-laboratory variability, especially for the complex I enzyme activity assay, fibroblast ETC enzyme analysis has a high false-negative rate. Thus, an absence of defects in fibroblast biochemical analysis does not exclude a disorder of mitochondrial metabolism. An excellent review of the utility of and indications for fibroblast studies in mitochondrial diagnosis is available [109] .
Biochemical testing which can be informative in cultured skin fibroblasts includes electron transport chain enzyme analysis via spectrophotometry and radiolabeled isotope fatty acid oxidation studies. Additional evaluation can include measurements of lactate and pyruvate [110] . ATP production and consumption can be studied in fibroblasts [112] , although ATP analysis is more reliable in lymphoblasts [113] . Fibroblasts can also provide excellent material for protein studies, including western blot and blue native polyacrylamide gel electrophoresis (BN-PAGE) analysis [114] . BN-PAGE permits analysis of multisubunit, integral membrane protein complexes like those of the mitochondrial electron transport complexes. It is used to identify complex assembly abnormalities such as SURF1 defects [115] or tissue-specific mitochondrial translation defects [116] . Additional abnormalities can be detected when 2-dimensional BN-PAGE/SDS-PAGE is performed in combination with Western analysis using antibodies directed at proteins of special interest [117, 118] .
Genetic Diagnostic Testing

Mitochondrial DNA Analysis
Performing thorough mitochondrial DNA analysis necessitates understanding the breadth of mitochondrial DNA mutation types, the relative merits and drawbacks of the various analytic methods available, and the appropriate tissue for testing in a given patient. The types of mitochondrial DNA abnormalities that can be causative of human mitochondrial disease include single basepair point mutations, several basepair insertions or deletions, large scale deletions on the order of 100s to 1000s of basepairs, or relative depletion of total mitochondrial DNA content. Laboratory methods that can be used to screen for known point mutations include PCR with restriction fragment length polymorphism (RFLP) analysis to screen for specific mutations on a single basis or multiplex PCR with allele specific oligonucleotide (ASO) analyis to screen for multiple known mutations simultaneously. Methods that can be used to screen for unknown mtDNA point mutations include single-strand conformation polymorphism (SSCP) [119] , heteroduplex screening assays (such as temporal temperature gradient gel electrophoresis (TTGE) [120] [121] [122] , temperature gradient gel electrophoresis (TGGE) [123] , denaturant gradient gel electrophoresis (DGGE) [124, 125] , denaturing high performance liquid chromatography (dHPLC) [126] ), and sequencing. As direct DNA sequencing is generally considered to be the gold standard for mutation detection in nuclear genes, the advent of rapid sequencing tools has resulted in some laboratories including mtDNA sequencing in their clinical diagnostic approach by one of several different sequencing methodologies available. Interference by nuclear pseudogenes should be excluded by use of rho o cells during the development of new PCR-based assays. Point mutations or deletions may not be present in all mtDNA genomes within a cell or tissue, but rather be heteroplasmic with wildtype to varying degrees. The sensitivity of different analytic methods for detecting homoplasmic or heteroplasmic mutations is a driving factor in determining their relative utility. Quantification of mutant heteroplasmy may be performed by densitometer scanning utilizing RFLP or realtime ARMS qPCR [127] . Southern blot analysis is the method most often used for the detection of large-scale mtDNA deletions and duplications, although these can also be detected by longrange polymerase chain reaction (PCR) analysis. Finally, depletion testing utilizes either Southern densitometry scanning or real time qPCR to quantify mtDNA copy number in reference to a nuclear gene [127] . A full discussion of the relative merits and drawbacks of each of these assays is available on www.mitosoc.org.
Nuclear DNA Analysis
An estimated 75%-90% of pediatric primary mitochondrial disease results from nDNA mutations. The ability to identify a causative genetic mutation in a given patient has substantially increased the ability to definitively diagnose primary mitochondrial disease. When classical symptoms of mitochondrial disease create a high index of suspicion, or patient acuity limits a step-wise approach, one can sometimes proceed directly to DNA-testing without having to pursue extensive biochemical-based testing for preliminary diagnostic guidance. Figure 4 provides a sample algorithm of how one clinical molecular laboratory approaches DNA-based analyses in mitochondrial disease (courtesy of L-J Wong). However, it is often prudent to use the biochemical evaluation to provide sufficient information to guide the choice of genetic diagnostic testing to pursue. Table 1 provides a detailed overview of how results from laboratory-based investigation can suggest specific nuclear genes among those implicated in mitochondrial disease to date as possible pathogenic candidates in a given patient.
Regular reassessment of the evolving clinical signs and symptoms is required. Mitochondrial disorders are developmental and degenerative. New organ system involvement occurs stepwise over time. Consequently, it is rare for even the most clear-cut and classic mitochondrial disorders like Alpers or Kearns-Sayre syndrome, to present the full clinical spectrum of disease at the time of first medical contact. The extent of recognized clinical manifestations for any single gene disorder is quite likely to change over time as less "classical" cases become identified. Establishing a genetic diagnosis permits accurate etiologic, prognostic, recurrence risk, and management counseling. In the future, it is hoped that this will also permit for accurate subgrouping among the heterogeneous category of mitochondrial disease patients in an effort to develop disease-focused interventions.
Emerging Technologies
DNA-based Technologies
mtDNA Sequencing Microarray-The latest version of the Affymetrix oligonucleotide resequencing microarray (MitoChip 2.0) provides a method that yields sequence data on the complete coding region and 15,452 of the 15,569 bp. mtDNA [128] . It reduces the possibility of amplifying pseudogenes by first amplifying mtDNA in 3 long overlapping fragments that are not present in the nDNA. In addition, it now appears to be able to detect heteroplasmy down to about 2-5% [129] .
ESI-TOF Mass Spectrometry-A variety of mass spectrometry platforms are suitable for rapid screening of PCR-amplified fragments of mtDNA. These include electrospray ionization time-of-flight mass spectrometry (ESI-TOF MS), Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) [130] and ion-pair reverse phase HPLC time-of-flight mass spectrometry (ICEMS) [131] . While the instrumentational costs of FTICR-MS put this particular platform beyond the reach of many labs, both ESI-TOF-MS and ICEMS are more economical and well-suited for rapid sequence screening and the quantitation of heteroplasmy in the range of 1-2%.
Protein-based Technologies
Immunocytochemistry-With the commercial availability of a monoclonal antibodies directed to a number of mitochondrial proteins, it is now possible to use immunocytological methods for diagnosis of selected OXPHOS defects [117] . In most cases, the success of these methods has depended on the expression of the mitochondrial protein defect in cultured skin fibroblasts. The diagnostic images are compelling when this occurs, as in the case of pyruvate dehydrogenase E1α defects [118] . Background autofluorescence complicates the use of many immunofluorescent probes in muscle biopsies, but the use of cocktails of carefully selected OXPHOS antibodies in Western immunoblot analysis [132] and immunocapture of assembled complexes [133] have proven to be powerful analytical technologies.
Proteomics and Systems Biology-Careful purification of mitochondria from different tissues, combined with gel and chromatography-enhanced mass spectrometry methods, has allowed a number of tissue-specific mitochondrial proteomes to be characterized [134] and the physiologic significance of the tissue-specific heterogeneities to be examined [135] . This work is nicely complemented by the development of powerful bioinformatics tools by Mootha and colleagues [136] . Using a systems biology approach, they developed the trainable software program, "Maestro". This uses eight different parameters to estimate the probability of mitochondrial localization to identify 1,451 mitochondrial proteins out of 33,860 proteins in the Ensembl human protein data set with an estimated false discovery rate of just 10% [136] . For example, application of these methods has led to the identification of MPV17 as a cause of mtDNA depletion syndromes [137] and LRPPRC as the cause of one form of Leigh syndrome [138] .
Functional Spectroscopy
31 P and 13 C Spectroscopy-More than any static measure, the dynamic capacity of cells and mitochondria to respond to and recover from changing physiologic conditions in real-time determines how well they perform and survive. One method for measuring this dynamic capacity in vivo is 31 phosphorus magnetic resonance spectroscopy ( 31 P-MRS). This method allows for baseline, exercise, and recovery measurements of ATP and phosphocreatine that can reveal very subtle derangements in mitochondrial function [139] . 13 C-MRS is also an emerging technology. However, the low natural abundance of 13 C (about 1.1% of 12 C) creates some challenges for its routine use in clinical metabolic testing [140] . Nevertheless, its versatility in enrichment and tracer studies continues to drive new developments in our understanding of cell-specific differences in mitochondrial function [141] .
Optics, Biophotonics, and Nanotechnologies
Biocavity Laser Spectroscopy-The biocavity laser is a semiconductor nanolaser about the size of a dime. Cells or mitochondria that flow through the biocavity laser trigger the emission of photons of laser light. Measurement of the red-shift of this emitted laser light provides information of the biophysical composition of healthy and diseased mitochondria.
Unlike the large numbers of chemical, enzymologic, or polarographic measurements currently required for diagnosis, the biocavity laser represents a single test that can measure the overall biophysical state of the cell and mitochondria. In the first studies of this new technology in human disease, the biocavity laser was able to detect mitochondrial dysfunction in disorders as varied as cancer [142] and primary OXPHOS disease [143] .
Nanomedicine-Mitochondria have the unique electrophysical property of concentrating or attracting amphipathic, charge-delocalized, cationic molecules and nanoparticles. This allows for the rational design of a variety of cargo-delivery systems. Indeed, mitochondriotropic tags incorporated into paclitaxel-bearing nanoliposomes inhibited tumor cell growth in a mouse model, whereas free paclitaxel had no effect [144] . The selective delivery of DNA to mitochondria, at least in cell culture, may not be far behind [145] .
Mitochondria Light Interactions-The alpha proteobacterial protoendosymbiont from which mitochondria were derived is a descendant of an ancestral purple, non-sulfur, photosynthetic group of bacteria [146] . Traces of important light interactions of mitochondria linger today. For example, Otto Warburg was the first to show that flashes of light of specific wavelengths could be used to restore normal oxygen consumption in preparations of mitochondria that were inhibited with carbon monoxide [147] . Today, specific wavelengths in the red and near infrared ranges (ca 600-1200 nm) are known to stimulate a wide array of biological processes ranging from the expansion of cardiac stem cells in culture [148] to accelerated healing of chemotherapy-associated mucositis [149] . Low level laser treatment using an 808 nm light source has even shown promise in a blinded, prospective clinical trial in acute stroke patients [150] .
Summary
An in-depth evaluation of mitochondrial disease is possible and indeed warranted to obtain a clear diagnosis for individual patients. This is necessary to minimize cost of duplicate investigations, correct misinformation to families and health care providers, and provide accurate prognostic and recurrence risk counseling. Recognized mitochondrial diagnostic centers working in close collaboration with referring clinicians can successfully navigate the complexities of the diagnostic evaluation and work towards the development of quality assessment programs in the laboratory-based investigations of mitochondrial disease. The in-depth laboratory evaluation of suspected primary mitochondrial disease involves both minimally-invasive and invasively obtained specimens. Brain MRI demonstrating an axial FLAIR sequence of a 17-year-old boy with new-onset respiratory difficulty, episodic vomiting, and extreme fatigue. This figure represents the symmetric regions of elevated T2/FLAIR signal located within the tegmentum (arrows). The diagnosis was Leigh syndrome. Figure 3A . This brain MRS scan represents a 1.6 × 1.6 cm voxel within the hyperintense FLAIR signal region. The exact location can be seen on the MRI images represented on the right of the picture. The time to echo (TE) was 35 msec. There is a upward lactate peak (Lac) located at 1.33 ppm, N-acetyl-L-aspartate (NAA) peak at 2.02 ppm, total creatine peak (Cr) at 3.03 ppm, choline peak (Cho) at 3.2 ppm, and inositol peak (Ins) at 3.8 ppm. It is likely that the voxel may include some cerebral spinal fluid. There was no detectable lactate in the cerebral spinal fluid several days before the image was acquired. Figure 3b . This MRS scan represents the same 1.6 × 1.6 cm voxel as figure 3A . The time to echo (TE) was 135 msec. Notice the downward Lac peak at 1.3 ppm, while the NAA peak at 2.02 ppm, Cr peak at 3.03 ppm, and Cho peak at 3.2 ppm remain upward. At this TE, the Ins peak is not well visualized. Clinical algorithm for genetic diagnostic testing of mtDNA and nDNA genes in patients suspected of mitochondrial disorders currently followed by Baylor College of Medicine, Mitochondrial Diagnostics Laboratory. *This algorithm reflects currently available clinical testing and experience of Baylor College of Medicine, Mitochondrial Diagnostics Laboratory.
